The large high-power solid lasers, such as the National Ignition Facility (NIF) of America and the Shenguang-III (SG-III) laser facility of China, can output over 2.1 MJ laser pulse for the inertial confinement fusion (ICF) experiments. Because of the enhancement of operating flux and the expansion of laser driver scale, the problem of contamination seriously influences their construction period and operation life. During irradiation by intense laser beams, the contaminants on the metallic surface of beam tubes can be transmitted to the optical surfaces and lead to damage of optical components. For the high-power solid-state laser facilities, contamination control focuses on the slab amplifiers, spatial filters, and final-optical assemblies. In this paper, an effective solution to control contaminations including the whole process of the laser driver is put forward to provide the safe operation of laser facilities, and the detailed technical methods of contamination control such as washing, cleanliness metrology, and cleanliness protecting are also introduced to reduce the probability of laser-induced damage of optics. The experimental results show that the cleanliness level of SG-III laser facility is much better to ensure that the laser facility can safely operate at high energy flux.
Introduction
The laser-induced damage in high-power laser system is an important problem, and contamination control methods of high-power solid-state laser drivers also play important roles. At the beginning of the development of high-power solid-state laser drivers, the contamination problems are not prominent because of the low laser energy flux. With the expansion of the driver's scale and the increase of laser energy flux, new requirements of the damage resistance capacity of the facility components are put forward. The previous approaches for laser driver operation could not meet the new requirements, and the environment contamination in laser facilities may degrade the optics damage threshold and so limit further development of the laser drivers. Today, Shenguang-III (SG-III) laser facility, which is composed of 48 square laser beams (400 mm × 400 mm), is under construction, and it can output hundreds of thousands of joules of the UV laser pulse per nanosecond [1] . Owing to the enlightenment of the construction of the National Ignition Facility (NIF) in the United States, the contamination control of the SG-III laser facility has been unprecedentedly considered during construction because of the laser-induced damage with contamination located on the optic surface. As the largest high-power solid-state laser driver in the world, NIF is a pioneer of the human exploration of new energy, but its construction is not easy. The "management storm" that occurred in 1999 thoroughly revealed the scientific and technical problems in the development of laser driver. One of the problems is that the nonstrict pollution-control led to the extension of construction period and increase of fund [2] . Contamination control of the high-power solid-state laser driver covers the entire process of design, processing, construction, and operation. The technical support of contamination control includes precision cleaning, cleanliness testing, and product protection. The contamination control is necessary for many important components in the highpower solid-state laser, such as slab amplifiers, spatial filters, 2 Advances in Condensed Matter Physics and final-optics assembly, because the slab amplifiers provide tens of thousands of times of laser pulse gain, and their inside is irradiated by strong internal flash with intensity of about 10 J/cm 2 . Those expensive optical components inside the amplifier are susceptible to being contaminated or damaged. Therefore it is the primary task to control the pollution of the laser driver. Because the level of cleanliness for the amplifier's safe operation is unknown [3, 4] and the largescale damage-free laser glass cannot be manufactured in the engineering [5] , it is essential to obtain the level of cleanliness as high as possible. To improve the cleanliness inside the slab amplifier, the optimized design of its structure should be first considered in favor of the contamination control [6] [7] [8] [9] . By optimizing the clean process [10] and standardizing the contamination control [11] , the initial cleanliness can be obtained to meet the requirement. In addition, by using the strong flash light irradiation, the residual organic contaminants on the surface or under the subsurface can be drastically removed [12] .
In this paper, the methods of contamination control to reduce the damage probability of optics during construction of the SG-III facility are described in detail. The cleanliness of SG-III laser facility has been significantly improved by the contamination control in the entire process. For example, the cleanliness of the slab amplifiers of SG-III laser facility has been unprecedentedly improved. Through the flash light cleaning experiments, the cleanliness level of the SG-III laser facility is better than that of other laser facilities, and the probability of the laser-induced damage owing to the contamination descends. The results show that the SG-III laser facility developed independently by China is one of the cleanest large-scale high-power solid-state lasers in the world.
Laser-Induced Damage due to Contamination in SG-III Laser Facility
It has been observed that various levels of damage occur to laser glass during normal laser operations [9, [13] [14] [15] . The damage phenomenon has nearly always been associated with the introduction of extrinsic (external) particulate contamination such as the inadvertent exposure of gaskets to laser resulting in the generation of massive amounts of burned particles which form an aerosol and eventually settle everywhere inside the laser cavity. Usually, when the aerosol level is maintained in the range above 5000 particles/ft 3 in the cavity, the particles tend to land on the laser glass material. When a dust particle lands on laser glass surface, laser-induced damage is initiated by absorbing particles and results in small pits. The particles on or near the glass surface absorb the laser energy, and the surface is rapidly heated by laser shots to the plasma temperature of about 10 000 K [16] . The particles often melt and redeposit in the surroundings. The surface morphology is that of a burnt surface with a large number of small craters, as shown in Figure 1 . During the irradiation of subsequent shots, the laser interacts with the expanded contaminant dot and evaporates it and plasma ignites until a majority of the contaminant is ablated completely. At the same time, a damage site appears at the area of optical surface. The damage site is not stable and grows or changes upon further irradiation until the catastrophic damage occurs. The contamination in highpower laser facility plays an important role in laser-induced damage of optics, and the higher cleanliness level is required during high-power laser facility operation. The pollutants such as inorganic particulate and liquid organic residues are required to be strictly controlled in the high-power solid-state laser driver. The surface cleanliness testing, clean washing, cleanliness protection, and flash light irradiation cleaning are the key points of the contamination control of the high-power solid-state laser facility.
Methods of Contamination Control for Components in ICF Drivers
To obtain the higher cleanliness level, there are many methods of contamination control in laser facility. The surface cleanliness means the relative degree of the aggregation of the residual contamination on the solid surface. For the high-power solid-state lasers, cleanliness level of the surface should contain two relatively independent components, that is, particulate pollution and nonvolatile residue. The definition of the surface cleanliness follows the rules drafted by IEST-STD-CC1246E [17] . For the beam path of the SG-III laser facility, we developed a quantitative standard of the cleanliness control for the SG-III laser facility. For the high-flux aperture optics, the cleanliness level of its surface is required to reach the class 50-A/10. And for the mechanical components, the cleanliness level of the surface is required to the class 100-A/10.
For the clean methods, Stowers indicated that the highpressure spray cleaning method can remove more than 99.9% of the pollutant with diameter larger than 5 m in several seconds [18] . Comparing with the ultrasonic cleaning and chemical solution cleaning, the cleaning efficiency is improved in the range of 20% to 60%. Compared with other cleaning methods, the high-pressure spray cleaning has advantages of high cleaning efficiency, convenience and flexibility, low-cost, and so forth. It is also the best choice for the cleaning of large mechanical facilities. In 2001, a cleaning team led by Doug Larson specifically studied the cleaning process of the NIF amplifier frame assembly unit (FAU) [10] . They confirmed the feasibility of the high-pressure spray cleaning for the sophisticated cleaning technique and identified that the cleanliness level needed for the NIF can be reached by requiring strict compliance with the cleaning standards and procedures. They also verified that the use of surfactants Brulin 1990GD has no corrosive effect on the components. The organic surfactants can be removed easily, and there will be no residual if used properly.
According to the construction requirement of SG-III laser facility, two small-batch clean production lines have been built, one of which is a clean washing line for large mechanical structure parts, as shown in Figure 2 . The production line is built outside of the facility but adjacent to the building. The cleaning level inside the clean production lines is ISO class 6, with an area of about 320 m 2 . The cleaning plant is divided into four regions, that is, rough cleaning area, fine cleaning area, baking area, and packaging area. All of the precise cleaning tasks of large mechanical structure parts are completed in the cleaning plant. High-pressure spray cleaning method is chiefly adopted.
The other cleaning line, as shown in Figure 3 , is for the precision cleaning of the linear-replaceable-unit (LRU) modules. The cleaning techniques adopted are high-pressure spray cleaning, single-slot low-frequency ultrasonic cleaning, six-slot ultrasonic cleaning system, and so forth. The highpressure spray cleaning and single-slot low-frequency ultrasonic cleaning are rough cleaning. The workshop environment is ISO class 8. After the rough cleaning, the cleanliness level of the work pieces has reached the requirements measured by the water-film rupture method. Then, the work pieces are sent into the six-slot ultrasonic cleaning system to continue fine cleaning, and the environment of the system is ISO class 6.
In order to reach the best cleaning effect in the SG-III laser facility, the cleaning control is carried out by using the hierarchical control method in the entire process. The cleanliness levels of various functional zones are shown in Table 1 , and the classification of the cleaning levels of the air employs the international standard ISO 14644-1 [19] . The air cleanliness level inside the optical transmission channel of the laser facility reaches ISO class 4, so the optical components can be kept clean for a long time. To protect the components or modules from secondary pollution in a short period, the cleanliness of the workshop of precision assembly, installation site, and the cleaning keeping box of the optics components and linear-replaceable-unit (LRU) is required to reach the ISO class 5. The cleanliness level of precision cleaning plant is required to reach ISO class 6 and the cleanliness level of the rough cleaning plant, laser hall, and target region needs to reach ISO class 8. Such clean plant design takes into account both cleaning requirements during facility construction and operation. The costs of the construction and operation are also effectively controlled.
Flash Light Irradiation Cleaning
Slab amplifier is the core part of the high-power solid-state laser facility, and the validation of the clean control was performed first on the disk amplifier system. First, LRU modules, such as slab amplifier, slab boxes, and flash light boxes, need an acid washing process before rough cleaning. The purpose of the acid washing process is to effectively remove the surface residual grease, especially the organic matter residual after machining process. Next, LRU modules need rough cleaning and fine cleaning. After that, LRU modules are installed inside the amplifier container. After that, by using the high-pressure spray cleaning, ultrasonic cleaning process is to complete the precision cleaning of the large container and LRU. Finally, LRU modules and container are baked by a long infrared light, which is helpful not only to remove the residual moisture on the surface and subsurface, but also to remove volatile organic residues on regional surface and subsurface. In order to effectively control the cleanliness, the flash light irradiation cleaning is a specific cleaning process for slab amplifiers. With the flash light irradiation, the aerosols are generated with the exposure of the residual organic contaminants on mechanical surface and subsurface. With a higher flash light energy, all the residual organic contaminants would sustain damage. Through those methods, the residual organic contaminants can be reduced. Two kinds of improvements of the design have been made about the amplifier to lower probability of collisions between the aerosol particles and the slab surfaces. One is that the clean nitrogen and clean air purge system are designed inside the amplifier slab boxes and flash light boxes, and the other is that a fast filtering unit (FFU) purge system is designed on the top of the amplifier [6, 8] . The purpose of the designed clean nitrogen and clean air purge system inside amplifier slab boxes and flash light boxes is to replace the large amount of aerosol generated inside the laser facility. The clean nitrogen and clean air can reduce the residence time of aerosol inside the laser facility and decrease the contamination of optical components. At the same time, the purge system also acts as an air knife, and it can purge the depositions of particulate pollutants on the optical surface to some extent. The IEST-STD-1246 class 100 in the optical components can be reached for about 5 min. The FFU purge system on the top of amplifier is to get a clean environment during the process of installation or replacement of light boxes and also to protect the optical module installed from contamination. In addition, a bottom installation car is designed specifically for the clean installation of the amplifier, the LRU modules, flash light boxes, slab boxes, and so forth. The bottom installation car has a clean container, providing the clean environment for the transportation and field installation of the module.
Results and Discussion
The measure of the surface cleanliness includes two parts: particulate pollutants and nonvolatile residues. The method for the quantitative measurement often used for the residual particulate contamination on the surface is microscopic counting method [20] . The measurement procedure includes sample collection, microscopic analysis, and data processing. According to the surface density of the particulate contamination with different diameters, the level of cleanliness can be calculated. The usual method for the quantitative measurement of nonvolatile residues on the surface is the gravimetric method [21] . By using the following steps, such as sampling, drying, weighing, and other steps, the cleanliness level can be obtained based on the surface density of the mass of the nonvolatile residues.
The 304 stainless steel is extensively used in LRUs in SG-III project. Through the methods of the high-pressure spray cleaning experiments, the surface cleanliness level is shown in Figures 4 and 5 . We performed the high-pressure spray cleaning experiments. By optimizing the main parameters of cleaning process, the important technological parameters such as distance of washing, cleaning speed, and cleaning temperature are obtained and the cleaning effect meets the precision cleaning requirements. Figure 4 shows the relationship between the surface contact angle of the 304 stainless steel work pieces and the number of cleaning steps. The contact angle measurement is usually used to achieve an approximate result of surface NVR as a fast testing method [22] . There were three groups of identical stainless steel samples used in this experiment. And they were, respectively, labeled Sample 1 to Sample 3. By comparison with the cleaning effects of the three samples, the contact angle of the surface changes at different cleaning stages. All the surface contact angles are close to the intrinsic contact angle of material after the precision cleaning. There is a direct relation between the surface contact angle of work piece and surface cleanliness. By testing the contact angle, the surface cleanliness can be obtained indirectly. Figure 5 illustrates the trend curve of nonvolatile residual (NVR) in 304 stainless-steel work piece surfaces at different cleaning stages by using the gravimetric method. Before cleaning, the NVR on the sample surface is about 260 mg/m 2 . After rough cleaning, the NVR decreases to 10 mg/m 2 , meeting class A cleanliness level. After precise cleaning, the NVR dropped below 1 mg/m 2 , reaching A/10 cleanliness level. The residual particulate contamination on the surface of the 304 stainless steel was measured by the microscopic count method after precision cleaning, and the results show that the cleanliness level is better than grade 100-A/10.
There are about 60 shots of flash light irradiation cleaning experiments for slab amplifiers with clean frame assembly unit but without Nd-glass slabs to be performed [23, 24] . The data of aerosol recorded inside the slab amplifier of Bundle A5 of SG-III laser facility are shown in Figures 6 and 7 . The air cleanliness level is evaluated by the volume concentration of the aerosol with particle size larger than 0.5 m. The changes of cleanliness of the first 12 shots inside the amplifier slab box are shown in Figure 5 , and the changes of cleanliness of the last few shots are shown in Figure 6 . In Figures 5 and  6 , the abscissas indicate the time with unit of minutes, and the ordinates indicate aerosol particle concentrations in the amplifier cavity. And the curves show the aerosol particle concentrations in the amplifier cavity vibrating during and after amplifier flashlamp "shots. "
In Figure 6 , the experiments of the 1st to 5th shots are debugging by low-voltage flash energy and 1st to 4th shots are by using a single module. Generally, the higher the input voltage of the flash light, the more thorough the decomposition of the residual organic pollutants and the higher the aerosol concentrations. For the 1st and 2nd shots, the input voltage of the flash is 5 kV, and after flash, the aerosol levels generated are about 70,000 to 80,000 particles/ft 3 . For the 3rd and 4th shots, the input voltage of the flash is 10 kV, and the aerosol level for the 3rd shot is 310,000 particles/ft 3 , and for the 4th shot the aerosol level quickly decreased to 230,000 particles/ft 3 . For the 5th shot, all the flash lights of the entire amplifier module are tested together, and the input voltage is 15 kV, and the generated aerosol level is 340,000 particles/ft 23 kV, and after the 6th shot, the flash light cleaning was performed with all the flash input voltage of 20 kV. It can be observed that, for the 6th, 7th, and 8th shots, the aerosol levels decrease rapidly. For the 6th shot, the aerosol level is 360,000 particles/ft 3 , while for the 7th shot, the aerosol level quickly reduced to 90,000 particles/ft 3 and only about 30,000 particles/ft 3 for the 8th shot. The rapid decrease of the aerosol levels suggests that the decomposition of organic matters and the release of aerosol take place at the beginning of the flash light cleaning experiments. After the 8th shot, the aerosol level became steady and just decreased slowly till the end of the flash light cleaning, and these changes implied that the decomposition of organic pollutants occurred less and less with the number of the flash light irradiation shots increasing.
The volume concentration of the aerosol of the last 5 shots of the entire flash light cleaning experiments is shown in Figure 7 . The aerosol levels inside the amplifier are maintained in the range of 5,000 to 10,000 particles/ft 3 , and the levels are close to the cleanliness of the NIF facility and far higher than that of NOVA, Beamlet, and other similar facilities [12] , including Shenguang-III prototype of China.
Through the contamination control methods above, the quiescent aerosol in the laser cavity is generally below class 5. The cumulative size distribution of damage (or surface obscurations) on slab and optics surfaces has been measured and it is found that it is related to the size distribution of the aerosols that appear after a flashlamp firing. In general, all SG-III facility slabs have less damage after removing the contamination. And it is generally believed that the amount of damage is also a function of the cleaning level and numbers of aerosol contaminants. These results show that the contamination control methods are effective to improve the laser damage resistance of optics.
Conclusions
Quantitative pollution-control project is effectively implemented during the construction of the SG-III laser facility to reduce the laser-induced damage probability owing to the contamination, and its clean condition is largely improved compared with other high-power solid-state laser facilities. The pollution-control project also led to the technological improvement of precession washing, cleanliness test, and clean control. Experiments of the flash light cleaning of slab amplifier confirmed the great effect of the clean control. The aerosol concentration obtained by flash light cleaning experiments in the SG-III facility is slightly higher than that obtained in the NIF facility, and the difference may relate to materials and structures of the amplifier and input voltage of light flash during light cleaning. For NIF light cleaning, the input voltage of the flash is 23 kV, while for the SG-III, the input voltage is 20 kV. With the higher input voltage, the irradiation temperature of the flash will be higher, and the residual organic contaminants on the surface will decompose more thoroughly, and the aerosol concentrations become much lower after the cleanliness of the amplifier. With the increase of the number of light cleaning shots, the total amount of aerosol pollutants decreased, while the types of pollutants increased. The reason is that macromolecules of organic pollutants decompose into small molecules with bright light irradiation, and the details of the changes need be further studied. The contamination control of high-power solid-state laser facility should also include the running process, so that the clean control of the entire process of laser facility can be carried out, and the technical support should be provided for the laser equipment of more security, stability, and efficiency.
